Sperm motility is regarded as the most common factor for predicting male fertility \[[@r2]\]. However, a previous study reported that correlations between the percentages of motile sperm evaluated by conventional methods and fertility fluctuate widely because the standard semen analysis, sperm observations under microscopy performed by practitioners, is a subjective technique and associated with large inter-laboratory variations \[[@r18]\]. Mocé and Graham \[[@r25]\] suggested that inconsistencies are derived from differences in the multifactorial nature of sperm function, and partly by the inaccuracy of *in vitro* measurements. Computer-assisted sperm motility analysis (CASA) has been developed as a tool for the objective evaluation of sperm motility in humans and animals \[[@r10], [@r16]\], and provides information on the motility characteristics of individual sperm. Nevertheless, previous studies have mostly reported average values for kinetic parameters without focusing on individual sperm characteristics \[[@r10], [@r12], [@r14], [@r23], [@r35]\].

The criteria for evaluating fertility in men were defined in the fourth edition of the WHO guidelines \[[@r36]\] as the average value of progressively motile sperm using straight line velocity (VSL: the straight line distance from beginning to end of a sperm track for 1 sec), which has been categorized into 4 grades; A: progressive with VSL ≥25 *µ*m/sec, B: progressive with VSL \<25 *µ*m/sec, C: non-progressive, and D: immotile. However, these criteria were omitted from the fifth edition \[[@r37]\] and sperm motility evaluated by microscopic observations was divided into 3 grades: progressively motile, non-progressively motile, and immotile, possibly due to the difficulties technicians have with consistently and reproducibly distinguishing between grades "A" and "B" \[[@r5]\]. This may indicate that sperm velocity is not effective to predict male fertility. Holt *et al*. \[[@r15]\] showed that a linear regression model containing the amplitude of lateral head displacement (ALH; the mean width of sperm head oscillations) or beat cross frequency (BCF) of sperm heads indicated the significant coefficient of determination with the litter size in boar sperm. These suggest that the moving pattern of sperm heads correlates with fertility, similar to velocity parameters. Therefore, assessing the velocity and head movements of sperm is necessary for precisely evaluating its fertility.

Previous studies reported the potential to divide sperm derived from humans and animals into subpopulations based on the kinetic characteristics of individual sperm using CASA data \[[@r1], [@r7], [@r16], [@r24], [@r29], [@r32]\]. A cluster analysis, which is a statistical method for constructing small groups (clusters) using multiple parameters from a large set of data that may contribute to a better understanding of the clumping structure of data, simultaneously using data on sperm head movement and velocity parameters may be more suitable for the prediction of fertility. Previous studies using subpopulations reported that the proportion of the "progressively motile sperm" subpopulation, which had the highest velocity and linearity was related to male fertility \[[@r1], [@r7], [@r16], [@r24], [@r29], [@r33], [@r38]\]. However, a previous study in stallion indicated the relationship between fertility and a subpopulation with low velocity and high linearity \[[@r32]\]. We hypothesized that a cluster analysis of CASA data will become a powerful tool for the evaluation of male fertility if sperm subpopulations other than progressively motile and high velocity sperm are related to pregnancy rates in artificial insemination (AI).

In order to accurately evaluate the relationship between fertility and sperm motility, we need to compare sperm subpopulation structures with semen having consistent results of fertility. However, the pregnancy rate after AI in cattle fluctuates between practitioners \[[@r11]\], season \[[@r4]\], and reproductive management \[[@r31]\]. Semen is generally collected from bulls twice a week at AI centers. On the day of semen collection, the first and second ejaculates are collected within a short interval of time. During repetitive ejaculations, changes have been reported in semen constituents and characteristics \[[@r21]\], such as pH, osmolality, and the concentration of fructose, which affect sperm motility and fertility \[[@r17], [@r34]\]. Sperm in the first ejaculate have been shown to exhibit similar \[[@r9]\] or higher motility \[[@r6], [@r10]\] to that in the second ejaculate. However, the second ejaculate showed higher fertility than the first ejaculate when used for AI without freezing \[[@r6]\]. This discrepancy between these findings may be caused by sperm characteristics, which cannot be investigated by conventional methods using light microscopy. Therefore, we herein used the first and second ejaculates as low and high potential fertility sperm models, respectively.

The purpose of this study is to investigate the potential of an analysis of sperm subpopulation structures for the evaluation of sperm motility probably related to fertility by using CASA data on the first and second ejaculates. Furthermore, the sperm subpopulation structures of individual bulls were examined because differences in fertility between bulls were reported \[[@r8]\].

Four Japanese black bulls (A--D, 5--15 years old), which were kept for the production of frozen semen in the AI center (Genetics Hokkaido, Kita-Hiroshima, Japan), were used in the present study. Their frozen-thawed semen were used commercially and indicated acceptable conception rates by AI in the field.

Semen were collected using artificial vaginas, which included a glass tube and the first and second ejaculates within one day were collected separately at 18- to 39-min intervals. Ejaculates were collected in six separate sessions per bull, two sessions per week. Therefore, twelve ejaculates were collected in three weeks. Immediately after collection, the volume of semen was evaluated by visually checking the scale on the tube, while sperm concentrations were assessed using a photometer (SDM 5 12300/0007 DE, Minitube, Tiefenbach, Germany). Sperm motility was also examined under light microscopy, as described previously \[[@r30]\], and subjectively classified into the 5 grades (+++: progressively motile at a high speed, ++: progressively motile at a moderate speed, +: motile at a low speed, ±: motile without progression d -: immotile). The proportions of sperm with +++ and ++ grades were defined as motile sperm. These evaluations were performed independently by two practitioners and the mean value was used as the value for motile sperm. Semen qualities evaluated by practitioners were described in [Table 1](#tbl_001){ref-type="table"}Table 1.Semen quality of Japanese black bulls evaluated by conventional methodsBullEjaculation order (replicates)Semen volume (m*l*)Sperm concentration (×10^6^ sperm / m*l*)Motile sperm^a)^ (%)A1st (6)7.2 ± 1.814.5 ± 2.765.8 ± 2.02nd (6)6.4 ± 1.39.5 ± 1.465.0 ± 0.0Total (12)6.7 ± 1.512.0 ± 3.365.4 ± 1.4B1st (6)5.0 ± 1.19.7 ± 3.170.0 ± 4.52nd (6)4.4 ± 0.88.8 ± 2.065.8 ± 2.0Total (12)4.7 ± 1.09.3 ± 2.567.9 ± 4.0C1st (6)5.5 ± 0.811.0 ± 2.765.8 ± 2.02nd (6)5.0 ± 1.110.9 ± 0.566.7 ± 2.6Total (12)5.2 ± 0.911.0 ± 1.966.3 ± 2.3D1st (6)4.5 ± 0.59.6 ± 1.465.0 ± 0.02nd (6)4.0 ± 1.14.8 ± 2.565.0 ± 0.0Total (12)4.2 ± 0.87.2 ± 3.265.0 ± 0.0Total1st (24)5.5 ± 1.511.2 ± 3.166.7 ± 3.22nd (24)4.9 ± 1.48.5 ± 2.965.6 ± 1.7Values are the mean ± standard deviation. a) Progressively and actively motile sperm (+++ and ++) assessed by visual inspections (Okano *et al*. \[[@r30]\])..

Immediately after semen collection, a small amount of semen was diluted to a concentration of 10--20 × 10^6^ sperm/m*l* using physiological saline, because phosphate buffered saline significantly inhibited the sperm motility. Immediately after dilution, samples were introduced into a 20-*µ*m-deep chamber (SC20-01-04-B, Leja, GN Nieuw-Vennep, Netherlands) preliminary warmed at 37°C on a hot plate, and sperm motility was evaluated by a CASA system (SMAS, DITECT, Tokyo, Japan) based on the digitalized images obtained using ×10 negative-phase contrast microscope (E200, Nikon, Tokyo, Japan). The percentage of motile sperm was recorded and the following kinetic parameters were analyzed: VSL, curvilinear velocity (VCL: a measure of total distance travelled by a sperm for 1 sec), average path velocity (VAP: the average path velocity of sperm for 1 sec), ALH, and BCF. The number of sperm analyzed per sample was at least 200, including immotile sperm. Linearity (LIN=VSL/VCL; the state of being linear) was calculated automatically using the CASA system. The CASA system recorded 150 frames per second (fps), and sperm having more than 120 frames were used in the analysis.

A cluster analysis of sperm motility was performed as described previously \[[@r29]\] with slight modifications. Data from 14,264 sperm in 48 fresh semen samples (2 ejaculates from 4 bulls in 6 replicates) were obtained. In the motility analysis, data from 1,306 immotile sperm and 3,730 motile sperm having less than 120 frames were discarded. Then data from the remaining 9,228 motile sperm were imported into a single data set and analyzed. In the cluster analysis, the 5 independent motility variables: VSL, VCL, VAP, ALH and BCF, were used as parameters after the normalization of data adapted by the following formula: (measurements-average)/standard deviation. The number of clusters was assessed by the shape of the dendrogram according to Ward's method and determined the cluster number subjectively from the shape of dendrogram ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Dendrogram described by Ward's method to determine the number of cluster. The 5 independent motility variables: VSL, VCL, VAP, ALH and BCF, were used as parameters.). A multivariate k-means cluster analysis was performed to classify the 9,228 sperm into a reduced number of subpopulations based on their motility variables. Spermatozoa that showed similar motility characteristics were assigned to the same cluster. The k-means clustering model used Euclidean distances, which were computed from the 5 quantitative variables, and the cluster centers were the means of the observations assigned to each cluster. The effects of bulls and the order of ejaculation (ejaculation difference) on sperm motility characteristics assessed by CASA and the percentage of progressively motile sperm evaluated in the visual assessment were analyzed using a two-way ANOVA. Differences in the means of semen quality evaluated by practitioners and motility parameters assessed by CASA between ejaculates and bulls were analyzed by Tukey-Kramer's HSD test. Differences were considered significant at *P*\<0.05. All analyses were performed using JMP pro 12 (SAS, NC, U.S.A.).

There was no interaction in the mean values of kinetic parameters between bulls and the ejaculation difference ([Table 2](#tbl_002){ref-type="table"}Table 2.Effects of the ejaculation order and bulls on mean values of kinetic parameters evaluated by CASA; probability values analyzed by a two-way ANOVAParametersFactors affecting each kinetic parameterEjaculation orderBullInteraction% of motile sperm0.93760.21120.8546VSL0.15970.00740.5579VCL0.08560.00110.5704VAP0.16550.00370.4151ALH0.01130.00770.2770BCF0.01450.76700.9238LIN0.44620.50920.4701). Therefore, the effects of the two factors were analyzed separately ([Table 3](#tbl_003){ref-type="table"}Table 3.Mean values of kinetic parameters of sperm in each bull and the order of ejaculationBullEjaculation orderReplicates% of motile spermVSL\
(*µ*m/sec)VCL\
(*µ*m/sec)VAP\
(*µ*m/sec)ALH\
(*µ*m)BCF\
(Hz)LIN\
(%)A1st691.8 ± 3.6117.7 ± 16.9310.9 ± 27.9147.0 ± 17.65.1 ± 0.215.6 ± 2.135.6 ± 3.42nd692.1 ± 3.7104.1 ± 22.9261.7 ± 58.3125.4 ± 27.54.0 ± 1.017.4 ± 1.636.0 ± 2.5Total1292.0 ± 3.5110.9 ± 21.2^a)^286.3 ± 51.9^a)^136.2 ± 25.5^a)^4.5 ± 0.9^a)^16.5 ± 2.135.8 ± 3.0B1st690.9 ± 5.991.7 ± 23.8250.1 ± 63.6117.5 ± 29.74.2 ± 1.115.7 ± 2.234.2 ± 2.12nd688.1 ± 9.995.5 ± 20.3243.4 ± 42.9120.2 ± 22.43.9 ± 0.716.9 ± 2.634.6 ± 5.0Total1289.5 ± 7.993.6 ± 22.2^a,b)^246.8 ± 54.3^a,b)^118.8 ± 26.3^a,b)^4.0 ± 0.9^a,b)^16.3 ± 2.534.4 ± 3.8C1st691.4 ± 5.2107.0 ± 11.3286.5 ± 28.5134.2 ± 12.24.7 ± 0.516.0 ± 1.233.9 ± 1.42nd692.0 ± 6.4103.9 ± 9.7282.8 ± 36.5135.0 ± 14.34.3 ± 0.818.0 ± 1.533.6 ± 1.2Total1291.7 ± 5.5105.4 ± 10.6^a,b)^284.6 ± 32.8^a)^134.6 ± 13.3^a)^4.5 ± 0.7^a)^17.0 ± 1.733.8 ± 1.3D1st686.6 ± 6.793.9 ± 2.1232.4 ± 18.8114.3 ± 4.53.8 ± 0.216.6 ± 1.435.9 ± 2.12nd687.8 ± 5.475.0 ± 21.0197.5 ± 42.696.6 ± 19.53.2 ± 0.817.5 ± 1.632.5 ± 4.5Total1287.2 ± 5.984.5 ± 17.6^b)^214.9 ± 37.2^b)^105.4 ± 16.7^b)^3.5 ± 0.6^b)^17.0 ± 1.634.2 ± 3.9Average1st2490.0 ± 6.4101.0 ± 16.8281.3 ± 46.7131.2 ± 21.44.7 ± 0.8\*15.4 ± 2.233.2 ± 3.72nd2490.5 ± 6.695.2 ± 20.2255.7 ± 52.3121.4 ± 22.64.1 ± 0.917.0 ± 2.8\*33.5 ± 4.0Values are the mean ± standard deviation. a,b) Superscripts indicate significant differences between bulls (*P*\<0.05). \*The asterisk indicates a significant difference between ejaculation orders (*P*\<0.05).). No significant difference was observed in the percentages of motile sperm between bulls and the ejaculation difference. Bull A showed higher VSL than bull D (*P*\<0.05). Bulls A and C had higher VCL, VAP and ALH than bull D (*P*\<0.05). No significant differences were noted in VSL, VCL, or VAP between the first and second ejaculates. However, the first ejaculates had higher ALH and lower BCF than the second ejaculates (*P*\<0.05).

As shown in [Fig. 1](#fig_001){ref-type="fig"}, 9,228 motile sperm derived from 48 ejaculates were categorized into 4 clusters. Kinetic parameters of sperm in each cluster were described in [Table 4](#tbl_004){ref-type="table"}Table 4.Kinetic parameters of sperm in each clusterClusterNo. of spermVSL\
(*µ*m/sec)VCL\
(*µ*m/sec)VAP\
(*µ*m/sec)ALH\
(*µ*m)BCF\
(Hz)LIN\
(%)13,594162.8 ± 25.0350.9 ± 48.8180.5 ± 21.35.1 ± 1.020.0 ± 3.446.9 ± 7.222,52998.8 ± 38.0333.6 ± 69.7145.0 ± 30.46.0 ± 1.212.7 ± 4.130.4 ± 11.631,24849.3 ± 30.4153.9 ± 54.488.2 ± 29.92.0 ± 1.127.0 ± 5.733.3 ± 17.841,85712.9 ± 15.875.9 ± 56.522.4 ± 21.21.9 ± 1.58.7 ± 4.116.5 ± 12.1Values are the mean ± standard deviation.. Cluster 1 showed the highest velocities and highest LIN as well as the second highest ALH and BCF. Cluster 2 showed the second highest velocities and highest ALH, but lower BCF and LIN than clusters 1 and 3. Although all 3 velocities of cluster 3 were lower than those of clusters 1 and 2, cluster 3 had the highest BCF, lowest ALH, and second highest LIN. Cluster 4 had the lowest values in all parameters.

As shown in [Table 5](#tbl_005){ref-type="table"}Table 5.Effects of the ejaculation order and bulls on the proportion^a)^ of each sperm cluster within ejaculates; probability values analyzed by a two-way ANOVAClusterFactors affecting the proportion of each clusterEjaculation orderBullInteraction10.98380.00580.521420.00690.64310.509430.01170.11250.681940.24200.23320.3141a) The proportions are shown in [Fig. 2](#fig_002){ref-type="fig"}., there was no interaction in sperm subpopulation structures between bulls and the order of ejaculation; however, the percentage of cluster 1 was affected by the bull factor, and the percentages of clusters 2 and 3 were affected by the ejaculation difference. Therefore, the effects of the two factors were analyzed individually ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Effects of bulls (A) and ejaculation difference (B) on sperm subpopulation structures in semen. ^a,\ b^ and ^x,\ y^ Letters indicate significant differences in the same cluster between groups (*P*\<0.05; see [Table 5](#tbl_005){ref-type="table"}).). Bulls A and C had a higher percentage of cluster 1 than bull D (*P*\<0.05, [Fig. 2A](#fig_002){ref-type="fig"}). No significant differences were observed in the percentages of clusters 1 and 4 between the first and second ejaculates ([Fig. 2B](#fig_002){ref-type="fig"}). However, the first ejaculates included a higher percentage of cluster 2 (28.8%) than the second ejaculates (19.0%, *P*\<0.05), and the second ejaculates had a higher percentage of cluster 3 (15.4%) than the first ejaculates (9.7%, *P*\<0.05). The total percentages of clusters 1, 2 and 3 varied between 64.6 and 76.7%, and the values obtained were similar to the percentages of progressively motile sperm evaluated by practitioners ([Table 1](#tbl_001){ref-type="table"}).

In the present study, motile sperm were divided into 4 clusters. Cluster 1 sperm had highly progressive motility, which has been speculated to reflect very fertile sperm \[[@r29]\]. It has been reported that males with high fertility had higher proportion of rapid and linear sperm subpopulation and lower proportion of rapid and nonlinear sperm subpopulation than males with low fertility in red deer \[[@r33]\] and ram \[[@r38]\]. Therefore, bulls A and C may have relatively high fertility. Cluster 2 sperm showed the highest ALH in all clusters and LIN had the second lowest value due to higher VCL and lower VSL. Hyperactivation is a movement pattern observed in sperm at fertilization \[[@r13]\]. Hyperactivated sperm have been shown to have increased VCL and ALH along with decreased LIN \[[@r20], [@r26]\]. These findings may indicate that cluster 2 includes hyperactivated sperm. Although VSL, VCL, and VAP in cluster 3 were lower than in clusters 1 and 2, cluster 3 had the highest BCF, second highest LIN, and lowest ALH in all groups. We previously reported that bovine sperm penetrated oocytes between 4 and 8 hr after the initiation of *in vitro* fertilization \[[@r22]\]. Furthermore, sperm with high BCF, low ALH, and high LIN have been suggested to maintain higher activity without hyperactivation 6 hr after being incubated \[[@r19]\]. These findings indicate that sperm with high BCF and low ALH maintain their fecundity and have the ability to penetrate oocytes. Collectively, the results of the present study and previous our findings may indicate that sperm in cluster 3 has higher longevity in the female genital tract than sperm in cluster 2. Cluster 4 may be regarded as poorly motile sperm due to the lowest values in all parameters, and did not correlate with fertilization.

The numbers and characteristics of clusters in the present study were consistent with previous findings \[[@r27],[@r28],[@r29]\]; however, cluster 1 in previous findings \[[@r27],[@r28],[@r29]\] moved more linearly (LIN: 69.8--70.9%) than that in the present study (46.9%). In addition, LIN in cluster 3 was also higher in previous studies at 65.1--79.9% \[[@r27],[@r28],[@r29]\] than that in the present study (33.3%). On the other hand, BCF in the present study (8.7--27.0 Hz) was more than 2 or 3-fold higher than that (2.4--9.5 Hz) in previous studies \[[@r27],[@r28],[@r29]\]. These discrepancies may be derived from differences in the capture rate of frames by the different CASA systems. Since previous studies used a capture rate of 25 fps \[[@r27],[@r28],[@r29]\], maximum BCF was limited theoretically. The present results showed 27.0 ± 5.7 Hz for the highest BCF in cluster 3 because of employing 150 fps. This result indicates that a higher capture rate is necessary for correctly evaluating sperm motility. A previous study also indicated that a lower frame rate resulted in lower VCL because of the loss of detailed trajectory \[[@r3]\], leading to higher LIN. Lower LIN in the present study may be due to the higher frame rate used.

In visual inspections, no differences were detected in sperm motility between the first and second ejaculates in all bulls or between bulls. The percentages of progressively motile sperm evaluated by practitioners were 65.0--70.0%, which appears to reflect the total of clusters 1, 2 and 3. This result indicates that the sperm motility analysis by CASA has the ability to describe sperm motility characteristics in more detail. However, we suggest that sperm motility evaluations based on the average values of CASA data do not have the ability to correctly predict sperm potential fertility. For example, bulls A and C had higher VSL, VCL, and VAP, which indicated higher fertility \[[@r27]\], but higher ALH and lower LIN, which may correlate with shorter longevity \[[@r19], [@r22]\]. On the other hand, a cluster analysis may detect higher percentages of cluster 1, including higher velocity sperm in bulls A and C than in bull D. Although bull D showed the lowest average value for ALH, based on the cluster analysis, it may be speculated that bulls A and C do not have shorter longevity than bull D. In further study, we should investigate the longevity of sperm in each cluster. Furthermore, in comparisons of the first and second ejaculates, we only found differences in the percentages of clusters 2 and 3, and not in the percentage of cluster 1. If a difference exists in fertility between the first and second ejaculates, as described in a previous study \[[@r6]\], a cluster analysis has the potential to evaluate semen quality.

In conclusion, sperm in fresh semen derived from Japanese black bulls was categorized into 4 clusters by kinetic parameters analyzed using the CASA system. Clusters 1, 2, and 3 sperm may be evaluated as progressively motile sperm by visual assessments, in which differences between them cannot be detected, whereas a cluster analysis has the ability to identify differences and similarities. It means that cluster analysis can distinguish the characteristics of the first and second ejaculates collected at short interval. In further study, we should confirm the relationship between semen fertility and sperm subpopulation analyzed by cluster analysis, and investigate what statistical method is appropriate to the prediction of semen fertility.
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